The ascorbate-glutathione pathway plays a major role in the detoxification of reactive oxygen species (ROS) in vascular plants. One of the key enzymes in this pathway is monodehydroascorbate reductase (MDHAR), a FAD enzyme that catalyses the reduction of the monodehydroascorbate radical. To elucidate the evolution and functional role of MDHAR we identified and characterised MDHARs from the moss Physcomitrella patens. Expressed sequence tag (EST) databases containing approximately 100.000 ESTs from Physcomitrella were searched and three isoforms of monodehydroascorbate reductase (PpMDHAR1, PpMDHAR2 and PpMDHAR3) were identified. In vascular plants MDHAR is found in the cytosol, chloroplast, mitochondria and peroxisome. Surprisingly, all three PpMDHARs resembled the cytosolic isoforms from vascular plants lacking the NH 2 -terminal or COOH-terminal extension found in organelle targeted MDHARs. The number and position of introns was also conserved between PpMDHARs and cytosolic MDHARs from vascular plants. Phylogenetic analysis revealed that cytosolic MDHARs are monophyletic in origin and the ancestral gene evolved before the divergence of bryophytes more than 400 million years ago. Transcript analyses showed that expression of PpMdhar1 and PpMdhar3 was increased up to 5-fold under salt stress, osmotic stress or upon exposure to abscisic acid. In contrast, PpMdhar transcription levels were unchanged upon chilling, UV-B exposure or oxidative stress. The conservation of cytosolic MDHAR in the land-plant lineage and the transcriptional upregulation under water deficiency suggest that the evolution of cytosolic MDHAR played an essential role in stress protection for land plants when they inhabited the dry terrestrial environment.
Introduction
Bryophytes originated 400-450 million years ago and represent one of the oldest groups of land plants (Kenrick and Crane, 1997) . They are now found in a wide range of habitats throughout the world from Antarctica to the tropics. As one of the first land plants, they faced numerous and extreme environmental challenges, including exposure to high intensities of UV, large variations in temperature and lack of water. Their successful adaptation can be attributed to the acquisition of resistance to these abiotic stresses. In comparison to vascular plants, information as to how bryophytes cope with abiotic stresses is limited. A common secondary effect of a range of abiotic stresses is the generation of highly toxic reactive oxygen species (ROS). In vascular plants, the enzymes of the ascorbate-glutathione pathway play a significant role in the scavenging and detoxification of ROS (Mittler et al., 2004) . Superoxide dismutase (SOD) and ascorbate peroxidase (APX) catalyse the conversion of O 2 ) into the ascorbate free radical, monodehydroascorbate. Although ascorbate is found in high concentrations in plant cells, it has been estimated that under environmental stress such as high light exposure, the pool of ascorbate in the chloroplast is oxidised to monodehydroascorbate within a few minutes (Polle, 2001) . It is therefore necessary for the survival of plants that monodehydroascorbate is reduced, thereby regenerating ascorbate.
In the chloroplast monodehydroascorbate is reduced to ascorbate by photoreduced ferredoxin at a high rate and this is likely to constitute the main pathway in the vicinity of the thylakoid membrane (Miyake and Asada, 1994) . Away from the thylakoid membrane, reduction of monodehydroascorbate can occur via two enzymes in the ascorbate-glutathione pathway; dehydroascorbate reductase (DHAR) and monodehydroascorbate reductase (MDHAR) (Asada, 1999) . Monodehydroascorbate can be reduced directly by MDHAR using NAD(P)H as an electron donor. Alternatively, two molecules of monodehydroascorbate can react non-enzymatically and spontaneously generate ascorbate and dehydroascorbate. In an enzyme-catalysed reaction, dehydroascorbate is reduced to ascorbate by DHAR, using glutathione as reductant. The relative importance of the two pathways is not known, but the specific activity of MDHAR is 10 times higher than DHAR in both mitochondria and chloroplasts of tomato (Mittova et al., 2000) . Computer simulations based on known enzyme concentrations and properties in the chloroplast lead to the conclusion that the majority of monodehydroascorbate is reduced by MDHAR (Polle, 2001) .
The MDHAR enzyme activity is found across the plant and animal kingdoms (Arrigoni et al., 1981) . However, plant MDHAR exhibits the highest level of sequence similarity with prokaryotic flavoenzymes such as iron-sulphur protein reductases. In angiosperms MDHAR activity has been detected in the chloroplast, mitochondria, peroxisome, cytosol, and associated with the plasma membrane and cell wall (Dalton et al., 1993; Leonardis et al., 1995; Be´rczi and Møller, 1998; Mittova et al., 2000) . The cytosolic MDH ARs are composed of 433-436 amino acid residues while the organelle-targeted isoforms are 40-60 amino acid residues larger, due to a NH 2 -terminal or COOH-terminal extension (Lisenbee et al., 2005; Sano et al., 2005) . The targeting of MDHAR to either chloroplast or mitochondria is determined by the structural features of the NH 2 -terminal transit peptide. In Arabidopsis and rice alternative transcription starts or alternative mRNA splicing determines the amino acid composition of the NH 2 -terminus (Obara et al., 2002; Obara and Fukuda, 2004) .
MDHAR has been purified from cucumber, soybean, spinach, potato and pea (Hossain et al., 1984; Hossain and Asada, 1985; Dalton et al., 1992; Murthy and Zilinskas, 1994, Sano et al., 1995) . However, the MDHAR gene family has not yet been studied in a non-vascular plant and previous phylogenetic analysis only included sequences from angiosperms (Leterrier et al., 2005; Sano et al., 2005) . As a representative of the bryophytes, the nonvascular Physcomitrella patens is a perfect candidate to study early adaptation to abiotic stress. In contrast to vascular plants, the life cycle of Physcomitrella comprises a predominantly haploid gametophytic phase and a short diploid sporophytic phase. The moss contains only a few cell types and most of its tissues consist of a single cell layer. Thus, it is relatively easy to generate homogeneous material and perform controlled stress experiments, where all cells can be subjected to the imposed stress. In addition, Physcomitrella was recently shown to be highly tolerant to salt, drought and osmotic stresses (Frank et al., 2005) . In the present study, we have identified three MDHAR isoforms in Physcomitrella. This allowed us to perform a phylogenetic analysis showing that two major duplication and diversification events gave rise to the chloroplast/ mitochondrial, peroxisomal and cytosolic subfamilies. The expression pattern of the three PpMdhar genes was analysed and showed differential expression under abiotic stress. This functional specialisation does not appear to have been conserved, but has evolved several times during the evolution of land plants.
Materials and methods

Plant material and growth conditions
Physcomitrella patens (Hedw.) derived from a wild type specimen collected in Gransden Wood in Huntingdonshire, UK (Ashton and Cove, 1977) was grown at 22°C on cellophane disks placed on solid minimal media (Ashton et al., 1979) , supplemented with ammonium tartrate (0.5 g/l). Standard growth conditions were 16 h white light (fluorescent tubes, GRO-LUX, 100 lmol m -2 sec )1
) and 8 h darkness. Stress experiments were carried out on protonema homogenised 7 days prior to the stress exposure, or on 5 week-old gametophytes. Abiotic stress was induced by transferring the cellophane with Physcomitrella protonema to media or filter disks containing 100 lM methyl viologen (Sigma), 60 or 100 mM NaCl, or 30 mM PEG 1,500 (Sigma). Extra CaCl 2 was added to the media containing NaCl to keep the level of available Ca ++ constant. The amount of added CaCl 2 required was calculated using MinTeq ver2.30 (http://www.lwr.kth.se/English/OurSoftware/vmin teq/). The osmolarity of PEG 1,500 and NaCl was calculated according to the Merck Index (11th ed. 1989, Merck and Co, Inc.). Cold stress was imposed by placing the plates on ice. UV-B stress was imposed by placing Physcomitrella under a UVLMS-38 lamp fitted with an 8 W 302 nm tube (Ultra-Violet Products, Cambridge, UK). The tissue was exposed to 0.23 mW cm )2 measured using an Optical Radiometer (MS-100, UltraViolet Products, Cambridge, UK) fitted with a UV-B sensor (MP-131). Hormone treatment was done by exposing tissue to 50 lM abscisic acid (Sigma). Samples were frozen in liquid nitrogen upon harvesting and stored at )80°C until RNA was extracted.
Cloning and sequencing of PpMdhar1, PpMdhar2 and PpMdhar3 from cDNAs and genomic DNA Expressed sequence tags (ESTs) encoding PpMDHARs were obtained by BLAST search in the two Physcomitrella databases (www.cosmoss.org; http://moss.nibb.ac.jp). Full-length cDNA clones were obtained from RIKEN Bioresource Centre, 3-1-1 Koyadai, Tsukuba, Ibaraki 305-0074, Japan (Nishiyama et al., 2003) . PpMdhar1 (pdp34716 (1a), pdp21517 (1b) and pdp17834 (1c)), PpMdhar2 (pdp38825 (2a), pdp01778 (2b) and pdp33985 (2c)) and PpMdhar3 (pdp26665 (3a), pdp37441 (3b), pdp04463 (3c), pdp45399 (3d) and pdp40062 (3e)). To obtain the 5¢ UTR from genomic DNA reverse primers specific to the coding region and forward primers specific to the 5¢ end of the different cDNA clones were used. The reverse primers were PpMdhar1 (5¢ ACCACTGCTTCATCTCCCT TGC), PpMdhar2 (5¢ GAATTTGTGAGCCTG AATCGTTGG) and PpMdhar3 (5¢ GCATCAGC TCCAGGAGTCTTG). The forward primers were PpMdhar1a (5¢TCGAGCTCTTACACGGTGAGT CC), -1b (5¢GTCTGTGAGCCGATGCTCTGC), -1c (5¢TACGTGTCCGCCTGATTTAGTTGC), -2a and -2b (5¢GAATTTGTGAGCCTGAATCGTTG G), -2c (5¢ GTGCCGATTTAAACACTCGATCCA G), -3a and -3b (5¢GCCGTTTGCCCTCCTCGTT G), -3c (5¢-CAAACTAGCTCTCCTCCGGGCTC), -3d and -3e (5¢TAGTGTCGGACTCTCGTACGG G). The full length coding region of the three MDHAR isoforms was obtained by standard PCR using the following primer sets; PpMdhar1 (5¢TACG TGTCCGCCTGATTTAGTTGC; 5¢GCACACA ACACAGGCTCTTCAG), PpMdhar2 (5¢CGCTG TAGAAGGTGACGTTAT; 5¢GACGAGAAACG CACCACCAA) and PpMdhar3 (5¢TAGTGTCGG ACTCTCGTACGGG; 5¢AAACAAGTCGTGTG GATTAGCTAG). The PCR product was cloned into the pGEM-Teasy vector (Promega) or PCR Ò 8/GW/TOPO Ò (Invitrogen) and sequenced. PCR reactions were carried out using Elongase Enzyme Mix (Invitrogen). All sequencing reactions were performed using BigDyeÒ Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). The sequences were deposited at GenBank under accession number DQ159869 (PpMdhar1), DQ159870 (PpMdhar2) and DQ159871 (PpMdhar3).
RNA extraction, cDNA synthesis and quantitative real-time RT-PCR (qRT-PCR)
Total RNA was extracted from protonema or gametophytes using TRIzol (Invitrogen) according to the manufacturer's instructions. Purified RNA was treated with DNaseI using the DNA-free kit (Ambion, USA). RNA integrity was checked on a 1% (w/v) agarose gel containing ethidium bromide. The cDNA was synthesised using SuperScriptä III First-Strand Synthesis System (Invitrogen) and 2.5 lM oligo-dT (18-20) primer according to manufactures protocol. The qRT-PCR analysis was performed essentially as described by Burton et al. (2004) . Four control genes were used in each experiment. The Physcomitrella sequences for the control genes were identified by a BLAST search using the Arabidopsis sequences for histone3 (BT003326), elongation factor 1-a (P13905), actin2 (NP_188508) and tubulin b-1 (NP_177706) against the Physcomitrella transcriptome (http://www.cosmoss.org). The following contigs; His3 (PPP_10973_C1), eF1a (PPP_395_C9), Act2 (PPP_sd_37-C2) and Tub1 (PPP_sd_36_C6) were obtained and primers were designed to the 3¢ end of the sequences (Table 1) . Primers specific to PpMdhar1, PpMdhar2 and PpMdhar3 were designed using a forward primer specific to the coding region and a reverse primer specific to the 3¢ UTR (Table 1) . To determine changes in alternative splicing of PpMdhar3 five reverse primers were designed to anneal only to a specific splice variant. Each primer-set was tested against all other splice variants to ensure specificity before being used for qRT-PCR. The same forward primers were used in all experiments allowing the relative level of each splice product to be determined (Table 1) .
Genomic DNA purification, Southern blotting, genomic walking and promoter analyses Genomic DNA was purified as in Schlink and Reski (2002) . Southern blotting was performed by digesting 10 lg DNA with DraIII or SpeI and blotting it on to Hybond N + (Amersham Biosciences). The probes used for hybridisation were generated by PCR using primers specific to the 5¢ and 3¢ end of the 324/321 bp exon and EST clone pdp34716 (PpMdhar1), pdp38825 (PpMdhar2) and pdp26665 (PpMdhar3) as template. The following primers were used; PpMdhar1 (5¢GGCGAAGTC GTGGACGAGTACG; 5¢GCACACAACACAG-GCTCTTCAG), PpMdhar2 (5¢GGCGAAGT CGTGGACGAGTACG; 5¢GACGAGAAACG-CACCACCAA) and PpMdhar3 (5¢AAACAAGT CGTGTGGATTAGCTAG; 5¢GACGACTAC-GACTACCTGCCC). The probe was labelled with a-[
32 P]-dCTP using Rediprime TM II (Amersham Biosciences) according to manufactures directions. The promoter sequences were obtained by genomic walking as described in Siebert et al. (1995) . Genomic DNA (15 lg) was digested over night with 100 U of DraI, NruI, HpaI, StuI, SmaI, EcoRI, HincII or PvuII, phenol/chloroform purified and ligated to a 5¢ adaptor to generate eight different templates. The 5¢ sequences were obtained by nested PCR using gene specific and adaptor specific primers. All PCRs were performed using Taq DNA polymerase (Qiagen). 
Phylogenetic analysis
The MDHAR protein sequence of Tortula ruralis and the chloroplastic MDHAR sequences of Hordeum vulgare and Medicago truncatula were deduced from assembled EST sequences. For the phylogenetic analysis, only those monocotyledonous and dicotyledonous species that appeared to have a full complement of MDHAR sequences were chosen. MDHAR sequences were retrieved from GenBank, TIGR * (www.tigr.org) or from the Dow Joint Genome Institute's website
PinMDHAR2 (TC45378*, BQ198625), TrMDHAR1 (Assembled from ESTs), CerMDHAR2 (BE642581). Three incomplete sequences (PinMDHAR2, MtMDHAR3, GsM DHAR4) from the chloroplast/mitochondrial targeted subfamily were included to increase the number and diversity of sequences. The selected sequences were aligned using the ClustalW software package (Chenna et al., 2003) . Phylogenetic analyses were carried out by using various programs of the Phylogenetic Interference Package (PHYLIP) 3.63
(http://evolution.genetics.washington.edu/ phylip.html). Protein distance matrices were calculated with PROTDIST using the PMB model (Veerassamy et al., 2003) . A Gamma distributed rate of evolution across the amino acid positions was assumed with the shape parameter a = 0.91 that had been calculated from the data by TREE-PUZZLE (Schmidt et al., 2002) . Trees were generated with WEIGHBOR (Bruno et al., 2000) and TreeView (Page, 1996) . To estimate the confidence limits of nodes 1000 bootstrap samples were generated with SEQBOOT and the majority rule consensus tree was generated by CONSENSE.
Results
Gene structure of PpMdhar genes
To identify members of the MDHAR gene family in Physcomitrella patens, a BLAST search was performed in the Physcomitrella EST databases (Nishiyama et al., 2003; Lang et al., 2005) . The majority of the EST sequences deposited in the databases have been generated from high quality libraries containing mainly full-length cDNAs (Nishiyama et al., 2003) . The five MDHARs identified in Arabidopsis were used as query sequences. The search revealed the presence of 41 ESTs covering the 5¢ end, 43 ESTs covering the 3¢ end and nine ESTs corresponding to the central region of the full-length cDNAs encoding PpM DHAR. When sequences with more than 99% identity over a stretch of 200 bp were grouped together, the EST sequences from the 3¢ end generated three contigs. In contrast, when the EST sequences from the 5¢ ends were assembled using the same criteria, 11 contigs were generated. The differences in the sequences from the 5¢ end were all found in the 5¢ UTR upstream of the start ATG. The cDNA clones representing each of the 11 different contigs were obtained through RI-KEN and nucleotide sequence analysis showed that the coding region gave rise to three enzyme isoforms, which we have designated PpMDHAR1 (434 aa), PpMDHAR2 (433 aa) and PpMDHAR3 (434 aa). The cDNAs encoding PpMdhar1, PpM dhar2 and PpMdhar3 had three, three and five different 5¢ UTRs, respectively. To resolve whether the differences in the 5¢ UTR resulted from mRNAs originating from different genes or from alternative splicing, the genomic DNA fragments were obtained by PCR using reverse primers specific to the 5¢ end of each of the ESTs. Direct sequencing of the PCR products revealed that each of the 5¢ UTRs originated from the same genomic sequence and could be created by alternative splicing of a long mRNA leader sequence of 749-1100 bp ( Figure 1A ). When the genomic sequences of the PpMdhar1 and PpMdhar2 5¢ UTRs were aligned, the sequences showed a high level of similarity (p < 4*10 )12 ; PRSS3). No significant similarity was found between the 5¢ UTRs of PpMdhar1 and PpMdhar3 or PpMdhar2 and PpMdhar3, respectively. Southern blotting using a probe specific to the last 300 nucleotides of the coding region of PpMdhar1, PpMdhar2 or PpM dhar3 confirmed that only one copy of each gene was present in the genome ( Figure 1B ). To test for specificity and lack of cross hybridisation, control plasmids carrying the three genes were included (not shown).
The number of preAUGs and the free energy of the secondary folding of the 5¢ UTR was determined using mfold 3.1 (Table 2) (Zuker, 2003) . All the splice variants of the PpMdhar3 had a considerably lower DG than those of PpMdhar1 and PpMdhar2, but up to 2-fold differences in the calculated free energy were also found between splice variants from the same gene as seen with PpMdhar3a and PpMdhar3c, and PpMdhar2b and PpMdhar2c (Table 2 ). The differences in DG and presence of preAUGs is likely to result in a much lower rate of translation from e.g. the PpMdhar3a, PpMdhar3b, PpMdhar3d, PpMdhar3e compared to PpMdhar3c (Kawaguchi and Bailey-Serres, 2005) . Although several preAUGs are present, none of them generated a MDHAR isoform with a NH 2 -terminal extension.
Phylogenetic analysis of MDHAR
An alignment of the available MDHAR protein sequences from plants show a high level of identity and complete conservation of the FAD/NAD-binding sites. The sequences can be divided into three subfamilies consisting of cytosolic isoforms (433-436 aa), peroxisomal isoforms having a COOH-terminal extension (476-488 aa) and chloroplast/mitochondrial isoforms having an NH 2 -terminal extension (483-497 aa). The NH 2 -terminal extension has been shown to act as a transit peptide for mitochondrial or chloroplast targeting in rice and Arabidopsis (Obara et al., 2002; Chew et al., 2003; Obara and Fukuda, 2004) . The COOH-terminal extension contains the targeting sequence to the peroxisomal membrane and is predicted to be a transmembrane helix which acts as a membrane anchor (Lisenbee et al., 2005) . Except for the terminal extensions, no major gaps were found in the protein alignment.
Using 35 full-length and three partial MDHAR sequences, a neighbour-joining tree was constructed ( Figure 2A ). Three partial sequences for chloroplast/mitochondrial MDHAR isoforms were included to ensure that evolutionarily distant plants were represented. Including these sequences did not cause any distortion of the tree. To maintain clarity, sequences from angiosperms were only included from species where more than two MDHAR 
All 5¢ EST sequences obtained in the study by Nishiyama et al. (2003) were grouped according to whether they originated from cytokinin, auxin or untreated tissue. The free energy of the secondary folding of the splice forms was calculated using mfold (3.1; Zucker, 2003) and the DG of the most stable fold presented.
sequences were available. The phylogenetic tree generates three main clades which are well supported by high bootstrap values (Figure 2A ). In a previous study, including only sequences from angiosperms the same three main clades were identified (Sano et al., 2005) . The single MDHAR gene found in algae forms the base of the tree. The main clades represent MDHAR isoforms located to the same subcellular compartment and show that each subfamily is likely to be of monophyletic origin. Within each main clade, the topology reflects the taxonomic classification of plants. In the chloroplast/mitochondrial and the peroxisomal clade, each plant species is only represented once, with the exception of GsMDHAR2 and GsMDHAR3 from Gossypium and OsMDHAR3 and OsMDHAR4 from Oryza sativa. In contrast, 2-3 paralogues from each species are represented in the cytosolic clade. The three MDHARs from Physcomitrella, together with the MDHAR from the moss Tortula ruralis, form a separate well-supported cluster within cytosolic MDHARs.
Although not included in the tree, a short partial EST sequence from fern was also identified which contained a unique amino acid insertion present only in chloroplast/mitochondrial MDH ARs ( Figure 2B ).
The gene structures for the three Mdhar subfamilies from angiosperms show distinct differences in intron-exon structure. The cytosolic and membrane-bound peroxisomal subfamily contains introns at conserved positions within the coding region, the difference being that intron 1, 8 and 9 are absent and the terminal exon has been extended by 126-165 nucleotides in the peroxisomal subfamily (Figure 3) . In contrast, the chloroplast/mitochondrial subfamily has a completely different intron-exon structure and none of the intron positions are identical to the intron positions in the cytosolic or peroxisomal subfamilies. To further investigate the evolutionary relationship between PpMdhar1, PpMdhar2 and PpM dhar3 and the Mdhar genes from higher plants, the coding region was cloned from genomic DNA of Physcomitrella and the sequence aligned with the cDNA sequence. All three genes showed an exonintron structure similar to the cytosolic MDHARs, confirming that the PpMdhar genes share a common ancestor with the genes encoding the cytosolic MDHARs from higher plants (Figure 3 ).
Regulation of PpMdhar expression
Since Physcomitrella expresses three putative cytosolic PpMDHARs, it was important to determine if they had different functional roles. We therefore analysed whether they were differentially expressed in different tissue types or under different stress conditions. The majority of the % 100,000 Physcomitrella ESTs in the public databases are derived from 8 to 14-day-old untreated tissue or tissue exposed to cytokinin or auxin (Nishiyama et al., 2003) . ESTs representing PpMdhar1, PpMdhar2 and PpMdhar3 were identified in all three libraries and there were no significant differences in the representation of the genes in the libraries. To determine if there were developmental changes in the expression of PpMdhar1, PpMdhar2 and PpM dhar3, quantitative real time RT-PCR (qRT-PCR) was performed on Physcomitrella tissue from 1 week old protonema tissue and 5-week-old gametophytes. For PpMdhar2 and PpMdhar3 the transcription levels were identical in the two developmental stages while for PpMdhar1, a 50% higher level of transcript was observed in the gametophytes ( Figure 4B ; p<0.05).
To analyse if the expression of the PpMdhar genes changes under abiotic stress, 1-week-old protonema was exposed to oxidative, salt, osmotic, cold or UV-B stress. A treatment with abscisic acid (ABA) was also included. For PpMdhar1, an increase in transcript level was observed after 2 h of treatment with salt or ABA. After 4 h, the maximal 4-fold induction was attained (Figure 5A) . The PEG treatment elicited a similar response to 60 mM NaCl indicating that the upregulation is a response to water loss rather than to salt toxicity, since the osmotic potential was similar under the two treatments. Exposure to cold, UV-B radiation or methyl viologen (MeV) did not affect the expression of PpMdhar1 ( Figure 5A ). The expression of PpMdhar3 was also upregulated 5-fold upon ABA treatment and again the highest level of expression was measured 4 h after initiation of the treatment ( Figure 5C ). The expression level of PpMdhar3 also increased under salt and osmotic stress and the timing of the response was identical to PpMdhar1. In contrast, PpMdhar2 transcript levels were essentially unchanged after exposure to the same range of abiotic stresses ( Figure 5B) .
None of the genes showed significant upregulation under oxidative stress following treatment with 100 lM MeV ( Figure 5 ). Protonema was subsequently exposed to 50, 100 or 200 lM MeV and time points taken every 24 h for 5 days, to ensure that a potential induction at a later time point was not missed or that the concentration of MeV had not been too high or too low. At 200 lM MeV, the tissue started to show signs of bleaching after 1-2 weeks. None of the PpMdhars were induced under these conditions (not shown). At 50 lM MeV, no visual oxidative damage was apparent within the time frame of the experiment.
Because of the extensive alternative splicing of the 5¢ UTR, we wanted to determine if there was an extra point of regulation at the level of translation. PpMdhar3a and -3b are the major transcripts and represent 36 and 59% of the PpMdhar3 mRNA population, respectively, whereas only 1% has the additional 77 bp removed (Figure 1 ). The two splice variants PpM dhar3d and -3e represents 1 and 3% of the total PpMdhar3b mRNA, respectively. No change in the relative level of the five PpMdhar3 splice forms was detected and the level of all splice variants increased upon ABA treatment and under salt stress and was unchanged under cold and oxidative stress ( Figure 6A-E) . To determine whether the developmental stage of Physcomitrella affected the splicing of the 5¢ UTR, qRT-PCR was done on cDNA from protonema and gametophytes. No difference was found in the level of PpMdhar3a, PpMdhar3b and PpMdhar3c, however, a 2.1±0.4-fold increase was observed for PpMdhar3d and Figure 4 . Developmental differences in expression of PpM dhar1, PpMdhar2 and PpMdhar3. RNA was extracted from 1-week-old protonema (gray) and 5-week-old gametophytes (white) and used for cDNA synthesis and qRT-PCR. The mRNA copy number was normalised using four housekeeping genes encoding histone (His3), elongation factor (eF1a), actin (Act2) or tubulin (Tub1). The data represent an average of 6-8 measurements. Figure 5 . Transcription pattern of PpMdhar1 (A), PpMdhar2 (B) and PpMdhar3 (C) under abiotic stress or after ABA treatment. One week old protonema was exposed to 50 lM ABA (triangle, stippled line), 30 mM 1,500 PEG (square, stippled line), 60 mM NaCl (circle, stippled line), 100 mM NaCl (cross, stippled line), UV-B (triangle, solid line), 100 lM MeV (square, solid line), cold (circle, solid line) or not treated (cross, solid line). Samples were snap frozen in liquid nitrogen, RNA purified and cDNA synthesised. The expression level of PpMdhar1, PpMdhar2 and PpMdhar3 were determined by qRT-PCR and normalised to four housekeeping genes encoding histone (His3), elongation factor (eF1a), actin (Act2) or tubulin (Tub1). The data points represent an average of three measurements.
PpMdhar3e (p<0.004) in the gametophyte compared to protonema. This change is most likely not a difference in the splicing pattern, but reflects that more transcripts are initiated at the second transcription start site in the gametophyte (see below).
In silico promoter analysis
The promoter sequences upstream of PpMdhar1, PpMdhar2 and PpMdhar3 were obtained by genomic walking. For each PpMdhar gene, more than 1,000 bp were obtained 5¢ of the start of transcription. For the PpMdhar1 and PpMdhar3 promoter, a putative TATA-box was identified at )157 bp and )106 bp, respectively, but no TATAbox could be identified in the PpMdhar2 promoter. The majority of the EST sequences are obtained from a high quality library containing mainly fulllength cDNA clones (Nishiyama et al., 2003) . The two putative TATA-boxes in PpMdhar1 and PpMdhar3 are more than 100 bp away from the start of the cDNA clones and it is therefore likely that none of the three genes utilise a TATA-box for transcription initiation. A recent estimate for Arabidopsis suggests that only 29% of all genes utilise a TATA-box (Molina and Grotewold, 2005) . The difference in transcript length between PpMdhar3a, PpMdhar3b, PpMdhar3c, and PpM dhar3d and PpMdhar3e, respectively, suggest that there could be two transcription start sites in the PpMdhar3 promoter (Figure 1 ). In the following analysis, the 5¢ end of the beginning of the longest cDNA clones is therefore used as reference point.
A member of the bHLH transcription factor gene family was located 5¢ to the PpMdhar1 and PpMdhar2 genes at )737 bp (Acc nr. AW155883) and )774 bp (Acc nr. BJ581653), respectively. The Figure 6 . The expression level of the 5¢ UTR alternative splice forms of PpMdhar3. The qRT-PCR was performed on RNA from one week old protonema exposed to 50 lM ABA (triangle, stippled line), 100 mM NaCl (cross, stippled line), 100 lM MeV (square, solid line), cold (circle, solid line) or not treated (cross, solid line) using a reverse primer specific to the coding region of PpMdhar3 and a forward primer specific to PpMdhar3a (A), PpMdhar3b (B), PpMdhar3c (C), PpM dhar3d (D) and PpMdhar3e (E). Prior to use for qRT-PCR each primer set was tested against cDNA clones containing the 5 splice forms to ensure specificity. The data points represent an average of three measurements. b significant similarity of the 5¢ UTRs and the presence of a gene from the same family 5¢ of PpMdhar1 and PpMdhar2, suggest that these two genes have evolved by a recent duplication of a portion of the chromosome. Since the two genes respond differentially when exposed to ABA, PpMdhar1 being up-regulated and PpMdhar2 transcription level remaining unchanged, the promoter region was analysed for putative cis-elements that could be responsible for this difference. An in silico analysis was done on 250 bp upstream of the transcription start site of PpMdhar1, PpMdhar2 and PpMdhar3 (Higo et al., 1999; Lescot et al., 2002) . An exact match to the strong ABRE consensus sequence GCCACGT(C/G) was found in the PpMdhar1 promoter at position )132 (p<0.05; Figure 7 ; Zhu, 2002) . In addition, a weaker match was identified at position )45 (ACCACGTT, mismatches underlined). The specificity of the ABRE element is determined both by the sequence surrounding the core ACGT and by its association with coupling elements (YamaguchiShinozaki and Shinozaki, 2005 ). An ABA-specific coupling element CE3 was identified close to the initiation site for transcription at )74 of PpMdhar1 (CGCGTGCC) (Shen et al., 2004) . When the sequence surrounding these elements was aligned with the homologous sequences from PpMdhar2, only the weakly matching ABRE element at position )84 (equivalent to position )45 in PpMdhar1) was conserved. Neither the ABRE element at position )170 nor the CE3 element at position )113 was conserved in the PpMdhar2 promoter (Figure 7) . No other putative ABRE elements could be identified in the PpMdhar2 promoter. In the PpMdhar3 promoter, an ABRE element (GGGGGACGT) was also identified near the putative transcription initiation site at )23 bp. A core sequence of an ABA coupling element CE1 was identified at )225 bp (CCACC; Shen et al., 2004) .
Discussion
Most studies on plant adaptation to environmental stress have been conducted within a few model species or in plants adapted particularly well to a certain stress. The identification of stress related genes in the ancient non-vascular Physcomitrella can fill the gap between studies in algae and in vascular plants and provide information on the evolution of plant responses to abiotic stress.
We have identified three genes, PpMdhar1, PpMdhar2 and PpMdhar3 encoding monodehydroascorbate reductase in Physcomitrella. All three genes resemble the cytosolic MDHARs from higher plants in having neither the NH 4 -terminal nor the COOH-terminal extension found in chloroplast/mitochondrial or membrane-bound peroxisomal MDHAR, respectively (Figures 2A and 3 ; Sano et al., 2005) .
The function of the cytosolic ascorbate-glutathione pathway is largely unknown, but the conservation of this gene family implies that cytosolic MDHAR plays a central role in plants in the defence against ROS. A recent study of an Arabidopsis mutant lacking cytosolic ascorbate peroxidase, Apx1, showed that the mutant plant had high levels of H 2 O 2 and protein oxidation even in the chloroplast upon exposure to high light stress (Davletova et al., 2005) . Surprisingly, the absence of ascorbate peroxidase in the cytosol proved more severe than the absence of the stroma targeted ascorbate peroxidase. Hence, cross-compartment protection occurs and together with SOD and APX, cytosolic MDHAR is likely to play an important role protecting the whole plant during abiotic stress. It is possible that the acquisition of a cytosolic ascorbate-glutathione pathway was advantageous when the first plants colonised the more challenging terrestrial environment. In Chlamydomonas, APX and MDHAR activity has only been detected in the chloroplast and not in the cytosol (Takeda et al., 1997) .
Evolution of MDHAR in plants
The identification of three MDHAR homologues in Physcomitrella allowed a thorough phylogenetic study of the MDHAR gene family including sequences from algae, non-vascular and vascular plants. The chloroplast/mitochondrial, membranebound peroxisomal and cytosolic MDHARs fall in separate phylogenetic clades, suggesting that two major duplication and diversification events gave rise to these subfamilies (Figure 2A ). The differences in amino acid sequence and intron-exon structure indicate that the chloroplast/mitochondrial MDH ARs diverged early in evolution and that the membrane-bound peroxisomal MDHARs evolved by a more recent duplication. The apparent absence of a chloroplast/mitochondrial targeted MDHAR in Physcomitrella could imply that the first duplication occurred after the divergence of bryophytes. However, the completely different intron-exon boundaries in the chloroplast/mitochondrial and cytosolic/peroxisomal MDHARs show that the ancestral gene was a more compact gene lacking introns. The duplication must therefore have occurred before the divergence of bryophytes, since the three PpMdhars already contain introns at conserved positions.
Because of the low availability of ESTs and genome sequences from seedless vascular plants, it is not yet possible to determine exactly when the second duplication generating the peroxisomal subfamily occurred. No ESTs encoding the membrane-bound peroxisomal MDHAR were identified in moss ($10,0000), fern ($3,500) or pine EST ($19,1000) databases. This could imply that the second duplication generating the ancestor of the membrane-bound peroxisomal MDHAR occurred after the divergence of the gymnosperms. Unfortunately, biochemical studies on the cellular location of MDHAR activity have so far not been performed on other plants than angiosperms. A cytosolic MDHAR from Arabidopsis (AtM DHAR1) was recently shown to be inefficiently targeted from the cytosol to the peroxisomal matrix (Lisenbee et al., 2005) . The three terminal amino acids in PinMDHAR1 (-SKI), PpM DHAR1 (-SKI), PpMDHAR2 (-SKV) and PpM DHAR3 (-AKI) show some resemblance to the peroxisomal matrix consensus targeting sequence (-SKL) and it is possible that a partial localisation of cytosolic MDHAR to the peroxisome is sufficient to maintain ascorbate recycling in this organelle in non-angiosperms.
Within the cytosolic clade, the four MDHARs from bryophytes are separated in their own group. This implies that although both Physcomitrella and Arabidopsis contain three cytosolic MDH ARs, they are not orthologs with a conserved function. Instead it appears that gene duplications have occurred after diversification and speciation.
A recent phylogenetic analysis of the APX gene family from rice and Arabidopsis showed that the chloroplast and non-chloroplast targeted APXs had a completely different intron-exon structure and unique amino acid signatures were identified in the chloroplast subfamily (Teixeira et al., 2004) . In contrast, the peroxisomal and cytosolic APX subfamilies had essentially conserved intron positions except that the two terminal exons were fused and extended in the genes encoding the peroxisomal enzymes. Based on the similarities in gene structure between the three MDHAR subfamilies (Figure 3 ) and the APXs, one could speculate that the two gene families have followed a similar evolutionary path with respect to major duplica-tion and diversification events. In the liverwort Marchantia paleacea, a cytosolic CuZn-SOD showing higher similarity with the chloroplast targeted CuZn-SODs from vascular plants, but lacking the transit peptide has been identified (Tanaka et al., 1998) . This suggests that the duplication and diversification of CuZn-SOD occurred before the divergence of bryophytes. As more sequences from bryophytes and seedless vascular plants become available, it will be possible to further explore the possibility of co-evolution of the enzymes of the ascorbateglutathione pathway.
Is MDHAR absent in Physcomitrella chloroplast and mitochondria?
The ascorbate-glutathione pathway has been studied in most detail in the chloroplast. The lack of ESTs representing the chloroplast/mitochondrial MDHAR in Physcomitrella raises an important question: Do bryophytes lack the complete ascorbate-glutathione pathway in these ROS producing organelles? In Arabidopsis, the chloroplast targeted and the cytosolic MDHARs are represented by approximately the same number of ESTs in the TIGR database. Furthermore, in the fern Ceratopteris richardii an EST containing the amino acid signature of a chloroplast targeted MDHAR was identified amongst a total 3,587 ESTs ( Figure 2B ). Although the Physcomitrella EST collection contains >100,000 sequences, the possibility that a chloroplast/mitochondrial MDHAR is transcribed at very low levels and therefore not represented in the EST collection can not be excluded. However, it does appear that Physcomitrella only contains the cytosolic versions of MDHAR. A BLAST search for other members of the ascorbate-glutathione pathway reveals that putative chloroplastic versions of APX, SOD and DHAR can be identified. In higher plants, chloroplast targeted APX are found in both the stroma and bound to the thylakoid membrane. However, only the thylakoid-membrane bound version could be identified in the Physcomitrella EST database. Chloroplast SODs are either Fe-SOD or CuZn-SOD and only ESTs for the former SOD with a putative transit peptide were identified in moss. Fe-SOD is generally not highly expressed in vascular plants, hence, scavenging of ROS in moss chloroplast could rely on a different set of enzymes. It has been shown that ferredoxin is highly efficient in reducing monodehydroascorbate near the thylakoid membrane and, thus moss could be more dependent on this alternative pathway (Asada, 1999) . A putative chloroplast targeted DHAR was identified in Physcomitrella and moss could rely more on this enzyme or other enzymes with DHAR activity e.g. thioredoxins and glutathione peroxidases for the reduction of dehydroascorbate and hence monodehydroascorbate (Arrigoni and Tullio, 2002) . The apparent differences in enzyme composition did not cause high sensitivity to oxidative stress, as Physcomitrella could be exposed to high level of MeV without showing immediate signs of bleaching (not shown).
PpMdhar1 and PpMdhar3 are upregulated under water stress Expression studies in a variety of plant species have shown that both cytosolic and chloroplast/ mitochondrial MDHAR is upregulated during a range of stresses including salt, drought, oxidative stress and cold (Ozturk et al., 2002; Rizhsky et al., 2002; Baek and Skinner, 2003; Hernandez et al., 2003; Yoon et al., 2004) . Two out of the three PpMdhars showed increased expression after protonema had been exposed to salt or osmotic stress. When salt and PEG levels were adjusted to the same osmotic potential, a similar increase in transcription was observed. It is therefore likely that the upregulation of PpMdhar1 and PpMdhar3 is a response to low turgor rather than salt toxicity. The sensor of low turgor has not yet been identified in plants, but it is known that loss of turgor is associated with ABA accumulation. The increased expression of PpMdhar1 and PpM dhar3 when protonema was exposed to exogenous added ABA suggest that the two genes are regulated by increased ABA levels and that ABA-independent regulatory pathways are not required. It has been suggested that late responsive genes involved in the removal of ROS are not responding to the initial loss in turgor under water stress but rather to the secondary damage done by the stress (Zhu, 2002) . The lack of upregulation of PpMdhar1 and PpMdhar3 after treatment with MeV or UV-B, clearly shows that oxidative damage per se does not act as signal to increase Mdhar transcription in Physcomitrella. This is in contrast to higher plants where treatment with high levels of MeV ($2 mM) lead to a brief 1.3-1.6-fold upregulation of a putative cytosolic MDHAR from Brassica campestris (Yoon et al., 2004) .
In Arabidopsis the three cytosolic MDHARs were differentially expressed when plants were exposed to a range of abiotic stresses. AtMdhar1 was upregulated under drought, salt, cold and high light stress, AtMdhar2 under drought and high light stress, whereas AtMdhar3 expression decreased under stress (Mittler et al., 2004) . The phylogenetic analysis, however, showed that the cytosolic AtMdhars and PpMdhars are not orthologs and the differential expression in Physcomitrella and Arabidopsis has been evolved more than once during the evolution of plants. The high similarity between the PpMdhar1 and PpMdhar2 genes suggest that the generation of an ABA-responsive and a non-responsive Mdhar is an evolutionarily relatively recent event in Physcomitrella.
The promoter regions of PpMdhar1, PpMdhar2 and PpMdhar3 were obtained by genomic walking and analysed for ABRE regulatory elements. The consensus sequence used for the in silico analysis is based on ABRE elements from vascular plants, but these elements appear to be highly conserved and serve a similar function in Physcomitrella. It has previously been shown that a wheat promoter containing an ABRE-element was upregulated in Physcomitrella when protoplasts were exposed to ABA or osmotic stress (Knight et al., 1995) . Since PpMdhar1 and PpMdhar2 have originated from a more recent duplication it was possible to compare the presence or absence of regulatory elements in these two promoters. The presence of a perfect match to the strong ABRE element and a putative coupling element in the PpMdhar1 promoter which was not conserved in the PpMdhar2 promoter indicates that these two elements are involved in the ABA-dependent regulation. Although we do not know which transcription factor is involved in the ABA-dependent upregulation, a bZIP factor (ABI3) was recently identified and shown to be upregulated after 4 h of dehydration in Physcomitrella (Frank et al., 2005) . The bZIP factor is known to bind ABRE elements and upregulate stress response genes in higher plants (Zhu, 2002) .
Since all three PpMdhar genes undergo alternative splicing of the 5¢ UTR, we wanted to determine if the splicing acted as an extra level of regulation under abiotic stress. In Arabidopsis, a 5¢ UTR longer than 175 bp or a DG below )55 kcal/ mol had a negative effect on ribosomal loading and thus on translation efficiency (Table 2) (Kawaguchi and Bailey-Serres, 2005) . However, no change was observed in the relative contribution from the splice forms and when the PpMdhar3 transcript increased under salt stress the contribution from all splice forms increased ( Figure 6 ). It is therefore unlikely, that alternative splicing plays an additional regulatory role under the abiotic stresses tested in this paper. Alternative splicing of the 5¢ UTR has also been shown to be involved in regulation of tissue or cell specific expression, but no difference in 5¢ UTR splicing pattern was observed between protonema and mature gametophytes.
In summery, the data reported in this work show that cytosolic MDHAR plays an important role in both vascular and non-vascular plants. The upregulation of two PpMdhar genes upon exposure to water deficiency suggests that ROS scavenging in the cytosol is particular important upon dehydration. The apparent absence of organelle targeted MDHAR in Physcomitrella deserves further attention. The ongoing sequencing of the Physcomitrella genome will allow further investigation of the loss or gain of ROS scavenging enzymes during the evolution of land plants.
